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Abstract
Background: The aim of this study was to develop a novel process for the pas-
saging of biofilms of Pseudomonas aeruginosa towards tolerance to a group of 
selected antimicrobial agents (biocides).
Methods: The combination of both a traditional passage approach coupled with 
a suitable biofilm model, for the production of large numbers of adherent cells, 
yielded evidence of a development of phenotypic tolerance in Ps. aeruginosa to-
wards selected biocides (zinc pyrithione (ZnPT), sodium pyrithione (NaPT), Cetrim-
ide & Benzisothiazolone (BIT)).
Results: The results indicate a step-wise increase in minimal inhibitory concentra-
tion (MIC) over a series of ten consecutive passages in the presence of increas-
ing concentrations of biocide. Scanning electron microscopy revealed a complex 
internal structure to the biofilms grown using this model. Results indicate that it 
is possible to passage cultures of Ps. aeruginosa towards phenotypic tolerance to 
selected antimicrobial agents. Results also indicate that such tolerance is partially 
reversible and that some residual tolerance remains in the absence of biocide. 
Thus, indicating that the tolerance is partially due to phenotypic changes within 
biofilm cells.
Conclusions: This study describes a novel technique for the induction of pheno-
typic tolerance towards antimicrobial agents in biofilm situations. The model used 
here may be adapted to other areas of biofilm work, where clonal selection of 
phenotypic traits may be desirable. 
Key Words: Pseudomonas aeruginosa, biofilm, isothiazolone, pyrithione, toler-
ance, susceptibility.
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Introduction 
When microorganisms grow attached to a surface in the form 
of a biofilm they exhibit remarkable tolerance to all types of 
antimicrobial challenge when compared with the same mi-
croorganisms grown in suspended cultures (1, 2). Tolerance 
to antimicrobials is a general feature of all biofilms that are 
the major cause of recalcitrant infections (1, 3, 4). 
There are three hypothesised mechanisms of reduced suscep-
tibility (or tolerance) observed in biofilms towards antimicro-
bial agents. The first of these is failure of the antimicrobial 
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agent to penetrate the full depth of the biofilm due to the 
presence of a polysaccharide matrix (extra-cellular polymeric 
substance, EPS) enveloping the biofilm community. However, 
direct measurements of diffusion rates show that at least 
some antibiotics equilibrate throughout the biofilm within 
minutes or hours of application (5, 6, 7). Penetration failure is 
most likely as a tolerance mechanism when dealing with thick 
biofilms and highly reactive antimicrobials. A second mecha-
nism of biofilm-induced tolerance requires that at least some 
of the cells within a biofilm experience a nutrient limitation 
that causes them to enter a slow-growing or starved state 
(8, 9, 10). Slow or non-growing cells have been shown to 
be less susceptible to a variety of antimicrobial agents when 
compared with cells grown in rich media at high specific 
growth rates. Growth rate per se and nutrient deprivation, 
particularly that of iron (11, 12, 13), are important in bacterial 
pathogenesis, since the cells characteristically grow at rates 
much reduced from those experienced in typical laboratory 
media. The third mechanism of reduced biofilm susceptibility 
is that at least some of the cells in a biofilm adopt a distinct, 
and relatively protected, biofilm phenotype (14, 15), which is 
not the result of a nutrient limitation.
Whereas, the first two mechanisms outlined above both in-
volve a transport limitation, in the first case for the antimicro-
bial agent itself and in the second case for a nutrient, there is 
no requirement for transport limitation in the tolerant biofilm 
phenotype hypothesis. The practical importance of this pro-
posed mechanism is profound, because it implies that the 
antimicrobial tolerance of biofilms is genetically programmed. 
Dagostino et al. (16) speculated that association of bacteria 
with a surface during biofilm formation caused a number of 
physiological responses as a result of the repression or induc-
tion of genes. They were able to demonstrate that a specific 
gene was induced within surface-associated bacterial cells, 
but that this induction did not occur in cells growing in liq-
uid media. The work of Cochran et al. (14) also showed that 
reduced susceptibility of attached Ps. aeruginosa cells to two 
oxidative biocides was recognised as an inherent phenotypic 
change and not just a transport artefact. Therefore, one can 
suggest that biofilms are protected from the action of anti-
microbials by multiple tolerance mechanisms.
Pseudomonas aeruginosa is known to form biofilms in a va-
riety of industrial, environmental and clinical situations. This 
microorganism also displays high levels of tolerance to many 
antimicrobial agents, which are thought to be related, in part, 
to their ability to grow as biofilms and the nature of their 
bacterial cell envelope. Previous work by Brözel and Cloete 
(17) and this group (18, 19) suggests that exposure to increas-
ing concentrations of Ps. aeruginosa PAO1 to Kathon™ (15% 
aqueous solution containing 1.15% 5-chloro-N-methyl isothi-
azolone (CMIT) and 0.35% N-methyl-isothiazolone (MIT)), it’s 
purified active forms and the pyrithione antimicrobials results 
in a gradual increase in tolerance towards these biocides. 
This adaptation was associated with the concurrent disap-
pearance of a 35 kDa outer membrane protein (designated 
T-OMP; 17). Winder et al. (18) and Abdel Malek et al. (19) 
suggest that the observed shifts in T-OMP are coincidental to 
and not the direct cause of the observed tolerance develop-
ment in Ps. aeruginosa.
It is the aim of this project to use the passage technique of 
Brözel & Cloete (17), as adapted by Winder et al. (18) and 
Abdel Malek et al. (19), to investigate the development of 
induced susceptibility changes (tolerance) towards the iso-
thiazolone and pyrithione biocides in Ps. aeruginosa PAO1 
biofilms grown utilizing the Sorbarod technique developed 
by Hodgson et al. (20). It is thought that this represents a 
novel approach to the study of the development of tolerance 
in bacterial biofilms and may elucidate our understanding of 
these complex processes.
Materials and methods 
Organisms and chemicals 
Stock cultures of Ps. aeruginosa PAO1 (NCIMB 10548) were 
obtained from the NCIMB, Aberdeen and were sub-cultured 
in either R2A medium (21) or a chemically-defined medium 
(CDM, 22). The pyrithione biocides (sodium pyrithione (NaPT) 
and zinc pyrithione (ZnPT)) were the kind gift of Zeneca Spe-
cialties (Manchester). Benzisothiazolone (BIT) and Cetrimide 
(used as a moderately active anti-biofilm agent control) were 
the kind gift of Nipa Ltd. All other reagents were purchased 
from Sigma. The pyrithione biocides were provided as stable 
powders in sealed containers. The biocides were stored at 
room temperature until required. Concentrated and dilute 
solutions of the biocides were prepared daily and discarded 
after use, although concentrated solutions may be stored 
frozen if required. 
Estimation of minimum inhibitory concentration 
(MIC)
Minimum inhibitory concentrations of all biocides (BIT, NaPT, 
ZnPT and cetrimide) were determined using the dilution tube 
method (22, 23). MICs were determined in both R2A medium 
(9.0 ml) and CDM (9.0 mL) with an inoculum of 100 µL from 
an overnight culture in the same medium grown at 37°C 
in a shaking incubator (200 oscillations min-1; Gallenkamp, 
Basingstoke, UK). A volume (less than 900 µL) of biocide at 
known concentration was applied to each dilution tube. The 
final volume of each tube was adjusted to 10.0 mL with the 
addition of sterile distilled water. The tubes were incubated 
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for 48 h at 37°C and observed for growth at 19 h and 48 h. 
MICs were estimated as the lowest concentration of biocide, 
which inhibited growth at both these times (Table 1). 
Table 1.  Summary of MIC results (± Standard Deviation, 
n=8) obtained in CDM for Pseudomonas aerugi-
nosa PAO1 Biofilm and Eluate cells.
Biocide Eluate MIC(µg mL-1)
Biofilm MIC
(µg mL-1)
19 h 48 h 19 h 48 h
ZnPT 8 (± 0.0) 8 (± 0.0) 8 (± 1.4) 8 (± 3.7)
NaPT 64 (± 29.6) 64 (± 0.0) 64 (± 29.6) 64 (± 0.0)
Cetrimide 16 (± 0.0) 16 (± 7.4) 32 (± 16.6) 32 (± 14.8)
BIT 1 (± 0.5) 1 (± 0.4) 4 (± 1.9) 4 (± 0.71)
Gradient Plate Technique 
The gradient plate technique was used to maintain those 
tolerant cells raised in the passage process until such time as 
we could undertake subsequent tests. Square Petri dishes, y 
cm across (BDH; 20 cm x 20 cm), were required. The plates 
were labelled and CDM agar (25 mL) containing a known 
concentration of antimicrobial agent was added (1.5 x MIC of 
biocide). The agar was allowed to set in the form of a wedge 
and the plates are then laid flat. A second 25 mL volume of 
the CDM agar (without the addition of biocide) was poured 
at the surface of the first layer and allowed to set in a flat po-
sition. Plates were then stored to allow diffusion of biocide to 
occur, giving a concentration gradient across the plates. The 
surface of the plate was then inoculated with biocide-tolerant 
Pseudomonas aeruginosa. Following incubation for 24 hours, 
the length of the zone of inhibition (x) was measured and the 
MIC calculated from the equation: 
MIC (µg mL-1) = ((y-x) / y).[B]      (Equation 1)
Where, y = the length of the plate, x = the length of the 
zone of inhibition, [B] = concentration of biocide (µg mL-1). 
The point on the surface of the plate at which growth ceased 
approximates the MIC. 
Induction of Tolerance 
The method of induction of antimicrobials tolerance in bio-
film grown Ps. aeruginosa PAO1 towards selected biocides 
was adapted from the methods previously described by Brö-
zel & Cloete (17), Winder et al. (18) and Abdel Malek et al. 
(19). The Sorbarod Model was established according to the 
method described by Hodgson et al., (20). The Sorbarod filter 
was pre-wetted with 5 mL of sterile normal saline then inocu-
lated with 10 mL of an overnight culture of Ps. aeruginosa 
PAO1. The rubber plunger seal was withdrawn from a sterile 
disposable 2 mL syringe. The syringe was introduced into PVC 
tubing containing the Sorbarod filter and a sterile, disposable 
needle (0.8mm x 40mm) inserted through the rubber seal. 
This unit was placed within a 37°C incubator. Media inlet 
tubing was attached via the needle and sterile CDM was 
delivered to the unit using a reservoir and peristaltic pump. 
This medium was prepared to contain a quarter strength 
concentration of biocide of the previously established MIC 
(MIC/4). After 48 hours, the eluate for the last hour was 
collected and the biofilm filter was sacrificed (the adherent 
cells were removed and re-suspended in 0.9% (w/v) saline, 
10 mL). Theses cells were immediately used to determine the 
MIC for both eluate and biofilm, (Passage 1).
Separate aliquots (1 ml) of the eluate and biofilm cells were 
spread plated onto separate sterile CDM agar gradient plates. 
The plates were incubated at 37°C for 48 to 72 hours. The 
point at which growth ceased on the surface of the agar was 
used to approximate the MIC (equation 1 above, results not 
shown here). The colonies growing in the region with the 
greatest concentration of the biocide are the most tolerant 
towards the biocide applied and therefore, were used to in-
oculate the next passage. These colonies were resuspended 
in 0.9% (w/v) sterile saline (100 mL) and used to inoculate a 
new Sorbarod filter. A new unit was established in a 37°C 
incubator and a fresh CDM (4 L in a 5 L Pyrex flask) contain-
ing MIC/4 of the newly established MIC was delivered to this 
unit. This was repeated until nine (9) successive passages had 
been performed in the presence of increasing MIC/4 of the 
biocide. Although the MICs may continue to increase with 
further exposure to the biocide, the experiment was halted 
at this point, as the cells were deemed sufficiently tolerant 
for the purposes of this project.
In order to determine the effects of biocide removal on the 
now tolerant cells we then removed the presence of the sub-
MIC of the selected biocides for three subsequent passages 
to see if the tolerance would be lost and the MICs return to 
their original sensitive levels. The tolerant biofilm colonies, 
maintained on gradient plates (Passage 10), were removed 
and re-suspended in 10 mL, 0.9% (w/v) sterile normal sa-
line, as noted above. This was used as an inoculum for the 
next passage (Passage 11). In this passage, the Sorbarod fil-
ter was perfused with a fresh biocide-free CDM. The MIC 
was re-determined by the tube dilution method (22, 23). This 
was repeated for three successive passages in the absence of 
biocide (Passages 11, 12 & 13). This passaging process was 
repeated for four selected biocides (ZnPT, NaPT, BIT & Cetrim-
ide). Figures 2 to 3 illustrate the MIC values for the passaging 
process for the four selected biocides. In all cases both the 
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biofilm and eluate cells exhibited increased MICs after each 
passage. During 10 passages in increasing MIC/4, the biofilm 
and eluate cells exhibited gradual increases in MIC of up to 
3- or 4-fold the initial value (with the exception of NaPT). 
Scanning Electron Microscopy 
Biofilm samples were prepared from steady state biofilms af-
ter 48 h of establishment and perfusion with CDM either with 
or without selected biocide addition. The biofilm samples 
were fixed in 2.5% glutaraldehyde in cacodylate buffer (pH 
7.2) overnight. Samples were then rinsed twice with cacodyl-
ate buffer and were then placed in 0.2% osmium tetroxide in 
cacodylate buffer overnight. Samples were rinsed twice with 
distilled water and were placed in 2% uranyl acetate (aq) 
overnight. The samples were then rinsed twice with distilled 
water before cleaving in liquid nitrogen. After dehydration 
in an ethanol series, samples were transferred to acetone 
and then critical point dried using a Baltec CPD 030 critical 
point drier. Samples were mounted on aluminium stubs us-
ing double-sided carbon tabs and then coated with 30 nm 
of Au / Pd in a Cressington 208 HR sputter coater. Samples 
were then viewed at 5 kV in an Hitachi S-4700 field emission 
electron scanning electron microscope.
Results 
Exposure to Selected Biocides 
No difference was observed in the MIC values for both bio-
film and eluate cells exposed to ZnPT (Table 2 & Figure 1). 
The initial MIC against ZnPT in CDM was 4 µg mL–1 (Passage 
1). At Passage 10 the MIC was 17 µg mL–1, representing 
an increase of 4.25-fold of the initial MIC. The following 
passages (Passage 11, 12 & 13) in biocide-free medium ex-
hibited MIC value decreases to 13 µg mL–1. Comparison of 
these results with those of Abdel Malek et al. (19) show that 
planktonic cells have generally lower MIC values throughout 
the passage series (Passage 1, 4.5 µg mL–1; Passage 10, 12.75 
µg mL–1; Passage 13, was 9.75 µg mL–1). This comparison 
demonstrates that the antimicrobials tolerance of the bio-
film cells (adherent cells) and their offspring (eluate cells) is 
greater than that of cells of planktonic origin (17 µg mL–1 
for biofilm / eluate cells and 12. 75 µg mL–1 for planktonic 
cells). For both types of growth the MIC values did not re-
vert to the initial value after passage in biocide-free media. 
This suggests that the induced biocide tolerance is largely 
irreversible. A difference was observed in the MIC values of 
biofilm and eluate cells exposed to NaPT during the first two 
passages, but MIC values remained the same in subsequent 
passages (Table 2 & Figure 2). The initial MIC value for the 
cells exposed to NaPT was 48 µg mL–1 for adherent cells and 
40 µg mL–1 for eluate cells. The MIC value for Passage 2 was 
51 µg mL–1 for biofilm cells and 49 µg mL–1 for eluate cells. 
For the next three successive passages in the presence of 
biocide, there was a gradual increase in MIC values. At pas-
sage 6, the MIC value was 51 µg mL–1 for both eluate and 
biofilm cells. For the following passages (Passages 7 to 10) 
there was no increase in the MIC value. Immediately follow-
ing the biocide-exposure passages, the cells were passaged 
in biocide-free medium (Passage 11 to 13) during which the 
MIC value did not decrease and it remained at 51 µg mL–1. 
Planktonic cells (19) exhibited an initial MIC against NaPT in 
Table 2.  Summary of the mean MIC results (± Standard Deviation, n=6) for CDM grown Pseudomonas aeruginosa PAO1 
when exposed to the four Biocides.
Biocide Type of Cells MIC (µg mL–1) of passage number
1 10 13
ZnPT
Biofilm 4 (± 0.0) 17 (± 0.41) 13 (± 0.63)
Eluate 4 (± 0.0) 17 (± 0.75) 13 (± 1.0)
NaPT
Biofilm 48 (± 1.3) 51 (± 0.4) 51 (± 0.52)
Eluate 40 (± 1.5) 51 (± 0.82) 51 (± 1.0)
Cetrimide
Biofilm 18 (± 0.75) 56 (± 0.82) 51 (± 0.41)
Eluate 14 (± 0.89) 56 (± 3.1) 51 (± 0.98)
BIT
Biofilm 2 (± 0.0) 34 (± 1.1) 16 (± 0.41
Eluate 2 (± 0.0) 20 (± 1.4) 16 (± 0.82)
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CDM of 54 µg mL-1. In their experiment MIC values gradually 
increased up to Passage 10 (115 µg mL–1). However, upon 
removing the cells from the presence of the biocide, the MIC 
began to decrease and reached 75 µg mL–1 by Passage 13. 
Comparison of these results would suggest that Ps. aerugi-
nosa susceptibility towards NaPT is markedly increased as a 
result of biofilm growth.
Upon exposure of the cells grown in CDM to Cetrimide 
(Table 2 & Figure 3), there was an observed difference in 
MIC values between biofilm and eluate cells. Newly divided 
daughter (eluate) populations were generally more sensitive 
than their heterogeneous donor cultures (adherent cells). This 
suggests some sensitisation of the cells at or shortly after 
division (24). The initial MIC was 18 µg mL–1 and 14 µg mL–1 
Figure 1. Increase in MIC for ZnPT against 
Pseudomonas aeruginosa PAO1 biofilm 
(dots) and eluate (horizontal stripes) 
cells in CDM as a function of passage 
number. The error bars are calculated as 
the standard deviation of the individual 
data points. n = 3 replicates. Passages 11, 
12 and 13 were performed without the 
addition of biocide.
Figure 2. Increase in MIC for NaPT 
against Pseudomonas aeruginosa PAO1 
biofilm (dots) and eluate (horizontal 
stripes) cells in CDM as a function of 
passage number. The error bars are 
calculated as the standard deviation of the 
individual data points. n = 3 replicates. 
Passages 11, 12 and 13 were performed 
without the addition of biocide. 
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for biofilm and eluate cells respectively. The MIC value gradu-
ally increased with each progressive exposure to the biocide, 
until passage 10 at which point the MIC was 56 µg mL–1 for 
both adherent and eluate cells. This is an increase of 3.11-fold 
for adherent cells and 4-fold for eluate cells from their initial 
MICs. Following the biocide-exposure passages the cells were 
passaged in biocide-free medium, and immediately the MIC 
value decreased to 51 µg mL–1 for both biofilm and eluate 
cells. For planktonic cells (19), the initial MIC against cetrim-
ide in CDM was 15 µg mL–1. The MIC continued to increase 
up to passage 10, the MIC was 130 µg mL–1, this was an 
increase of 8.67-fold. The cells were then cultured in biocide-
free medium and at passage 13 the MIC had decreased to 90 
µg mL–1. Comparison of the MIC values from this study and 
Figure 3. Increase in MIC for Cetrimide 
against Pseudomonas aeruginosa PAO1 
biofilm (dots) and eluate (horizontal 
stripes) cells in CDM as a function of 
passage number. The error bars are 
calculated as the standard deviation of the 
individual data points. n = 3 replicates. 
Passages 11, 12 and 13 were performed 
without the addition of biocide. 
Figure 4. Increase in MIC for BIT against 
Pseudomonas aeruginosa PAO1 biofilm 
(dots) and eluate (horizontal stripes) 
cells in CDM as a function of passage 
number. The error bars are calculated as 
the standard deviation of the individual 
data points. n = 3 replicates. Passages 11, 
12 and 13 were performed without the 
addition of biocide. 
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that of Abdel Malek et al. (19) suggests that sessile bacteria 
and their associated eluate cells exhibit a lower tolerance to-
wards cetrimide than their planktonic counterparts. The initial 
MIC value for biofilm and eluate cells exposed to BIT when 
grown in CDM was 2 µg mL–1 (Table 2 & Figure 4). There 
was no difference in MIC value between adherent and elu-
ate cells in passage 1. However, a marked difference in MIC 
was observed between both types of cells in the following 
passages and by passage 10 the MIC had increased to 34 
Figure 5. Scanning electron microscope images of (a) a 48h 
Ps. aeruginosa PAO1 control biofilm grown on Sorbarod filters, 
exhibiting EPS (1) is covering the biofilm and bacterial cells (2) 
are embedded in the exopolymer matrix (3) A fissure in the EPS 
(2000x). (b) 48h Ps. aeruginosa PAO1 biofilm treated with BIT 
grown on Sorbarod filters. (a) A pseudo-three dimensional view 
for the biofilm (2000x), which is fully covered by EPS (1). Note the 
fissure within the EPS (2).
µg mL–1 for the adherent cells and 20 µg mL-1 for the eluate 
cells, increases of 17-fold and 10-fold respectively. The cells 
were then passaged in biocide-free medium and a significant 
decrease in MIC was observed at 13 µg mL–1 for both types 
of cells (Passage 11). This value did not decrease any further 
for the eluate cells at Passage 12, but the MIC value for the 
biofilm cells deceased to 10 µg mL–1 in this passage. At Pas-
sage 13, the MIC for both types of cells was 16 µg mL–1. Data 
for planktonic cells (18) indicates that the initial MIC for the 
cells exposed to BIT cultured in CDM was 5.73 µg mL–1. The 
MIC values gradually increased up to Passage 11 when the 
cells, which were then deemed sufficiently tolerant, and the 
corresponding MIC was 9.07 µg mL–1. This is an increase of 
1.58-fold. Following the biocide-exposure passages the cells 
were then passaged in biocide-free medium. The MIC values 
immediately began to decrease, at Passage 14 the MIC had 
decreased to 6.4 µg mL–1. By comparing the MIC values for 
planktonic cells and biofilm cells, one can demonstrate the 
higher tolerance of sessile growth towards BIT in comparison 
for that of planktonic growth. 
Scanning Electron Microscopy 
Control images of Pseudomonas aeruginosa biofilms (Figure 
5a at 2000x magnification) show the presence of evenly, but 
randomly distributed cells within a dehydrated matrix of EPS 
and lying under a clearly defined EPS surface sheath. Biofilms 
exposed to biocides (Figures 5b; at 2000x magnification, only 
BIT shown here) exhibited lower general cells numbers and 
more apparent dehydrated matrix. The surface EPS sheath 
was still apparent. The other three biocides (ZnPT, NaPT & 
cetrimide) all gave similar results.
Discussion 
The induction of tolerance towards four biocides (ZnPT, NaPT, 
Cetrimide & BIT) was observed to occur in a step-wise fashion. 
This indicates that the process of adaptation to these biocides 
is probably a phenotypic one. That is, some of the cells in a 
biofilm adopt a distinct and relatively protected, biofilm phe-
notype (14, 15). However, upon removal of the presence of 
the biocides the MIC values decreased (Table 2, Figures 1 to 
4). Therefore, this indicates that, in this instance, the biofilm 
tolerance development process is phenotypic. A phenotypic 
adaptation is an alteration, which demonstrates a change in 
response to environmental stimuli, but does not necessarily 
require an alteration to the genome. Although the MIC value 
for tolerant cultures decreased after removal of the biocide, 
this value did not revert to the original, pre-exposure value. 
This suggests that the induced biocide tolerance is largely 
irreversible. It was also noted that there was no difference in 
the MIC value between adherent and eluate cells for ZnPT 
a
b
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and NaPT exposed cultures. However, this was not the case 
with cetrimide and BIT exposed cultures. Most markedly, for 
BIT, there was an immediate difference in MIC value between 
both types of cells (biofilm and eluate) and this continued 
for the complete series of passages. In the case of cetrimide, 
there was an observed difference in MIC values between 
adherent and eluate cells in the early passages (Passages 1 
to 7), but during the latter passages (8 to 13) the MIC value 
remained the same for both eluate and adherent cells. This 
indicates that variations in the exact mechanisms of tolerance 
development are occurring between biocide treatments. For 
NaPT, only a small increase in tolerance was observed in bio-
film or eluate cells after 10 passages. However, results from 
this group show that planktonic cells passaged against NaPT 
gave a doubling of MIC after 10 passages (19). This suggests 
that the activity of NaPT is quenched by biofilm structure.
Figures 5a and 5b demonstrate SEM images of Ps. aeruginosa 
PAO1 control biofilms and Ps. aeruginosa biofilm treated with 
1.25 µg mL-1 BIT respectively, grown on Sorbarod filters. Fig-
ure 5a illustrates a Sorbarod filter encapsulated with biofilm 
at 2000x magnification, in which a pseudo-three-dimensional 
view is obtained. In this image, one can observe the EPS cov-
ering the whole biofilm, and bacterial cells embedded within 
the matrix of extra-cellular polymeric substances. There is a 
small fissure in the EPS, which is probably caused by sample 
preparation (dehydration events). Fewer cells are observed in 
the treatment (Figure 5b) when compared to control biofilm 
results (Figure 5a), and the bacterial EPS internal to the bio-
film structure shows structural dehydration resulting in the 
disruption of the pseudo-three-dimensional structure of the 
biofilm.
Conclusions 
Results indicate that it is possible to passage cultures of Ps. 
aeruginosa towards tolerance to selected antimicrobial agents 
(NaPT, ZnPT, cetrimide & BIT). Results also indicate that such 
tolerance is only partially reversible and that some residual 
tolerance remains in the absence of biocide. Thus, indicat-
ing that the tolerance is due to phenotypic changes within 
biofilm cells as opposed to some profound genomic change. 
Electron microscopy has revealed that the internal structure 
of biofilms exposed to sub-MICs of biocides exhibit similar 
architecture to those of unexposed control biofilms, with the 
exception that they exhibit fewer cell numbers than the un-
exposed control and have more EPS. This study describes a 
novel technique for the induction of tolerance towards anti-
microbial agents in biofilm situations. The model used here 
may be adapted to other areas of biofilm work, where clonal 
selection of phenotypic traits may be desirable.
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